Abstract. In biology, hair-based sensor systems are used regularly for measurement of physical quantities like acceleration, flow, rotational rate and IR-light. In this chapter, two different types of bio-inspired sensors for inertial measurement are discussed, which have been developed using surface micromachining and SU-8 lithography. First, an accelerometer inspired by the cricket's clavate hair is presented. Second, a gyroscope inspired by the fly's haltere is treated. For both sensors are the necessary models presented, and guidelines are derived for optimization. Also, their performance is compared to their biological counterpart and the biomimetic potential is discussed.
Introduction
In biology, mechano sensors, equipped with differing hair-like structures for signal pick-up, are sensitive to a variety of physical quantities like acceleration, flow, rotational rate, balancing and IR-light (Liu, 2007; Schmitz et al., 2012) . As an example, crickets have various types of hair-like receptors for measurement of several environmental quantities. For sensing of low-frequency flows (typically <1 kHz) to obtain information about the environment and avoid e.g. predator attacks crickets use filiform hairs, which are situated on the dorsal side of two abdominal appendages called cerci, and which are able to sense airflows with velocity amplitudes down to 30 µm s −1 (Tobias and Murphey, 1979; Shimozawa and Kanou, 1984; Shimozawa et al., 1998; Humphrey et al., 1993) and operate around the energy levels CONTENTS 3 of thermal noise (Shimozawa et al., 2003) . Crickets gather also information about their environment by the use of bristle hairs which activate interneurons that respond to tactile stimuli of the cercus and abdomen (Murphey, 1985) .
It are these intriguing aspects of biological sensors that inspire engineers on developing artificial counterparts and exploiting the field of biomimetics and bio-inspiration. For example, taking the cricket cercal hair sensors as a source of inspiration, several research groups have worked on the development of bio-inspired hair-based airflow measurements by exploiting microelectromechanical systems (MEMS) technology (Ozaki et al., 2000; Wang et al., 2007; Sadeghi et al., 2011; Tao and Yu, 2012) .
In this chapter, the bio-inspired approach is applied to bio-inspired inertial sensors developed using MEMS-technology. Particularly, two types of bio-inspired inertial sensors are discussed: a cricket-inspired accelerometer (Droogendijk et al., 2014b ) and a fly-inspired gyroscope (Droogendijk et al., 2014a) . The main outline of this chapter is as follows. Section 2 deals with two examples of biological sensor systems for measurement of inertial quantities. Subsequently, the design and fabrication of the cricket-inspired accelerometer (section 3) and the fly-inspired gyroscope (section 4) are discussed. Section 5 continues with the assessment of the bio-inspired approach within the field of (inertial) hair-based sensors.
Hair structures for inertial sensing

Cricket's clavate hairs
In addition to flow and tactile perception, crickets have club-shaped sensilla, called clavate hairs, located on their cerci (figure 1), with hair lengths of 20-250 µm (Bischof, 1974) . These clavate hairs turn out to be sensitive to (gravitational) acceleration, providing the cricket information on its orientation (Bischof, 1974 (Bischof, , 1975 Murphey, 1981; Sakaguchi and Murphey, 1983) . For example, a cricket uses its clavate hairs to compensate head movement when it is rotated around its longitudinal axis (Horn and Bischof, 1983) , for which such rotations can be measured with a resolution of about 0.1 • (Bischof, 1975) . Additionally, Bischof (1975) showed that these clavate hairs can respond to harmonic accelerations with frequencies up to 300 Hz.
For measuring (gravitational) acceleration, numerous types of accelerometers have been realized over the past years using MEMS technology, with applications in e.g. the automotive industry and navigation (Yazdi et al., 1998) . Current state-of-the-art commercialized MEMS accelerometers show formidable performance in range, resolution and noise floor. In contrast to the cricket's clavate system, MEMS accelerometers are usually not hair-based systems and frequently contain feedback electronics. To explore some of the intricacies of the clavate hair system and assess its potential to engineering applications (e.g. automotive industry, robotics and motion tracking), we aim for the design, fabrication and characterization of a bio-inspired accelerometer. Bio-inspired hair-based structures have been exploited earlier with applications in both actuation and sensing of physical quantities (Zhou and Liu, 2008; Ginsberg et al., 2013) , but seldom for inertial measurement. Previously, a hair- Figure 1 . Artist's reconstruction of the clavate hair-based sensory system (adapted from (Murphey, 1981) ).
like accelerometer has been investigated by Tang et al. (2013) , but its response to external accelerations was not demonstrated.
Fly's haltere
Another example of a biological hair-based sensory system is the fly's haltere structure. Halteres are tiny club-shaped organs that beat in anti-phase to the wings during flight (Fraenkel and Pringle, 1938) , and function as gyroscopes ‡ by measuring the flies body rotation using Coriolis forces (Pringle, 1948) . The rotation-dependent position of the haltere (figure 2) is measured in sensitive strain fields (Hengstenberg, 1998) . It has been demonstrated that this haltere-based system is used for supporting equilibrium reflexes (Sandeman and Markl, 1980; Nalbach and Hengstenberg, 1994; Chan et al., 1998; Ristroph et al., 2010) .
For measuring angular rate, numerous types of gyroscopes have been realized over the past years using MEMS technology, where current state-of-the-art MEMS gyroscopes show formidable performance in range, resolution and noise floor (Yazdi et al., 1998; Xie and Fedder, 2003; Alper and Akin, 2005; . In contrast to the fly's haltere system, MEMS gyroscopes are typically no hair-based systems, are generally heavily underdamped and operate at rather high frequencies. In contrast, the fly's haltere system is a close to critically damped system and operates around the fly's wing beat frequency (130-150 Hz) (Nalbach and Hengstenberg, 1994) . Obviously, the fly's haltere system has developed under evolutionary pressure and therefore addresses the sensory needs of the fly. As a result, not only the operation principle is different from those generally employed in MEMS gyroscopes but also the performance may score high on metrics other than normally used for MEMS gyroscopes. For example, bandwidth and response time may be far more essential for flies than (bias-)stability and noise floor, as the halteres have been proven to aid ‡ In this work, all gyroscopes are so-called Coriolis vibratory gyroscopes, which are in fact angular rate sensors. By integration of the measured angular rate, information about the angle is obtained. Figure 2 . Halteres of the blowfly Calliphora vicina. During walking and flight, the halteres oscillate in a vertical plane around a proximal hinge (adapted from (Hengstenberg, 1998) ).
in flight dynamics of flies with fast (10 ms) responses to flight disturbances (Rosner et al., 2009) .
Previous research on bio-inspired gyroscopic systems (using foils of stainless steel) shows advantages on using a haltere-based gyroscope by achieving a higher sensitivity and a lower power consumption compared to conventional MEMS gyroscopes (Wu et al., 2002; Wu and Wood, 2006) . Also Tang et al. (1997) and Challoner et al. (2007) fabricated hairbased gyroscopes using MEMS technology, although these devices had still macroscopic dimensions compared to the fly's haltere and were severely underdamped by operating them in vacuum. Wicaksono et al. (2007) discuss the preliminary design and modelling of a bioinspired MEMS gyroscope with electrostatic driving and piezo-resistive read-out. Smith et al. (2012) report on the design and fabrication of a MEMS haltere to use as a sensor in a microautonomous system.
Cricket-inspired accelerometer
Physics
Mechanically, the hair-based accelerometer can be understood as a so-called inverted pendulum which is subjected to external accelerations (figure 3). It is described as a secondorder rotational-mechanical system with moment of inertia J, a rotational stiffness S and a rotational damping R, resulting in a description of the system's response to harmonic accelerations by accelerations by
where for a cylindrical hair, the moment of inertia can be expressed as
In these expressions, θ(ω) is the rotational angle amplitude of the hair and T a is the amplitude of the torque acting on the hair. Usually, in the models the hairs are treated as cylindrical structures [Humphrey et al., 1993] , but here the hair is modelled as an inverted conical shape to take the MEMS-hair-shape into account. We will show that this eventually will only lead to a geometry dependent factor η such that J ≈ ηρd 2 L 3 . From (2), the moment of inertia J depends strongly on the hair diameter d and hair length L. The torque T a is a consequence of external accelerations, or the projections thereof, in the direction perpendicular to the hair and perpendicular to its rotation axis, denoted here by a ext . Using Newton's second law T a is found by integrating the inertial contributions by over the hair: where for a cylindrical hair, the moment of inertia can be expressed as
In these expressions, θ(ω) is the rotational angle amplitude of the hair and T a is the amplitude of the torque acting on the hair. Usually, in the models the hairs are treated as cylindrical structures (Humphrey et al., 1993) , but here the hair is modelled as an inverted conical shape to take the MEMS-hair-shape into account. We will show that this eventually will only lead to a geometry dependent factor η such that J ≈ ηρd 2 L 3 . From (2), the moment of inertia J depends strongly on the hair diameter d and hair length L. The torque T a is a consequence of external accelerations, or the projections thereof, in the direction perpendicular to the hair and perpendicular to its rotation axis, denoted here by a ext . Using Newton's second law T a is found by integrating the inertial contributions by over the hair:
where Ξ can be expressed as
CONTENTS 7 In these expressions, ρ is the density of the hair and η a parameter that depends on the precise geometry of the hair. Further, we assume that the rotational angle amplitudes θ are small, so the torque T a can be considered directly proportional to the external acceleration a ext .
Design
The hair mechanical system behaves like a classical-second order system, and consequently exhibits the trade-off between responsivity and bandwidth. The responsivity of the hair accelerometer for frequencies well below the system's resonance frequency (ω ω r ) is defined as
The bandwidth of the system is estimated from the system's resonance frequency:
By taking the product of responsivity and bandwidth, a figure of merit (FoM) can be defined for the bio-inspired hair accelerometer, similar to the approach described by Krijnen et al. (2007) :
When the hair length is considerably larger than the hair diameter (L d), this FoM can be simplified to
As a result, to achieve a 'good' hair-based accelerometer, the sensor should have a long and thick hair (high d and L), as well as a compliant mechanical suspension (low S).
Fabrication
The fabrication process for the bio-inspired accelerometer is based upon the process for cricket-inspired bio-inspired hair flow sensors, previously developed in our group (Bruinink et al., 2009; Dagamseh et al., 2011) . A schematic overview of the bio-inspired accelerometer with the materials indicated is shown in figure 4a . The sensor is fabricated on a silicon-on-insulator wafer. Trenches are etched in the silicon device layer using DRIE (deep reactive-ion etching). A layer of 200 nm stoichiometric Si 3 N 4 is used for covering and protecting the trenches. The device layer contains two electrodes, which are used for capacitive readout of the acceleration-induced movement. On top of the Si 3 N 4 layer, a sacrificial layer of poly-silicon (1.5 µm) is deposited by LPCVD (low-pressure chemical vapour deposition). The sensor membrane and springs are constructed by depositing and patterning a 1 µm SiRN layer on top of the poly-silicon. Aluminium (80 nm) is sputtered on top of the membrane to create the electrodes for capacitive read-out. Our artificial clavate hair is created by two layers of SU-8, to realize both the centre of mass towards the top of the hair structure and a total hair length of about 800 µm with an average diameter of about 80 µm. Finally, to release the membrane the sacrificial poly-silicon layer is removed using XeF 2 etching. The fabrications results are shown by the SEM image in figure 4b.
3.4. Experimental 3.4.1. Setup Experiments to measure the sensor's response are performed using the setup shown in figure 5 . A waveform generator (Agilent 33220A-001) is used to produce a sinusoidal signal at a frequency f (ω = 2π f ) that is supplied to an amplifier. This amplifier drives a voice-coil shaker (MB Electronics PM 50) to generate harmonic acceleration. Carrier signals at 1 MHz are supplied to the bottom electrodes of the accelerometer for capacitive read-out. The top electrode is connected to a charge amplifier, and after demodulation and filtering (Stanford SR 650) the sensor's response is monitored on an oscilloscope (Agilent DS1024). For calibration, the applied accelerations were measured by mounting a reference accelerometer (STEVAL-MKI021V1) on the shaker.
3.4.2. Frequency response First, the frequency response of the hair-based accelerometer was measured using capacitive read-out in the direction perpendicular to the rotational axis. Frequencies within a range of 50-1000 Hz were applied to the shaker. The reference accelerometer was used to determine the externally applied acceleration amplitude. The resulting measured magnitude response of the bio-inspired accelerometer is shown in red in figure 6 . Here, the circles represent the measurements and the dashed line exhibits the analytical model based on (1), where the resonance frequency ω 0 and the quality factor Q were fitted. We observe good agreement between model and measurements, where the resonance frequency is found to be about 320 Hz. 
Frequency response
First, the frequency response of the hair-based accelerometer was measured using capacitive read-out in the direction perpendicular to the rotational axis. Frequencies within a range of 50-1000 Hz were applied to the shaker. The reference accelerometer was used to determine the externally applied acceleration amplitude. The resulting measured magnitude response of the biomimetic accelerometer is shown in red in figure 5 . Here, the circles represent the measurements and the dashed line exhibits the analytical model based on (1), where the resonance frequency ω 0 and the quality factor Q were fitted. We observe good agreement between model and measurements, where the resonance frequency is found to be about 320 Hz. Additionally, flow measurements have been performed by replacing the shaker by a loudspeaker to apply an oscillating airflow. The measured response for accelerations induced flow is shown in blue in figure 5 , where the measured flow response per m s −1 has been normalised to acceleration equivalent flow response using (9). Here, the squares represent the measurements and the dash-dotted line exhibits the analytical model based on (10) with Ξ = 0. Again, good agreement between model and measurements is observed, with a similar resonance behaviour. Furthermore, the overall responsivity to acceleration induced flow is significantly lower than the responsivity to acceleration, as desired.
In addition to the magnitude of the response of the hair-based accelerometer, also the phase of its response was measured. Both measurements (points) and analytical model (dashed line) are shown in figure 6. We observe good agreement between measurements and model, and the phase-shift of about 180 • around resonance is clearly visible. 
Threshold and linearity
To obtain a model which describes the sensor's signal-to-noise ratio (SNR) as a function of acceleration amplitude as well as the sensor's detection threshold, the signal and noise powers are considered. The signal is assumed to have a linear relationship with respect to the acceleration amplitude a 0 , given by the coefficient S c (ω). This coefficient is directly related to the sensor's rotational angle θ(ω) and therefore has a dependency on the acceleration frequency ω. N c is a constant representing the total noise, giving for the measured output z due to the uncorrelated sources:
From this expression, the measured detection threshold a min can be found by equating the noise and signal powers (or alternatively by calculating the intersection value of the asymptotes) which requires only the values for S c and N c :
Experiments to determine the sensor's linearity were performed by choosing first a specific acceleration frequency (80 Hz) and then by varying the acceleration amplitude. Subsequently, from the measured output rms-voltage the sensor's detection limit and linearity are derived.
The results are shown in figure 8 , where the points represent the measurements, the solid line is based on (19), and the dashed lines indicate the constant equivalent noise amplitude and ideal linear response asymptotes. We observe that for accelerations with an amplitude of more based accelerometer has a maximum responsivity for both 0 • and 180 • , which coincides with the direction perpendicular to the rotational axis of the hair sensor.
To obtain a model which describes the sensor's signal-tonoise ratio (SNR) as a function of acceleration amplitude as well as the sensor's detection threshold, the signal and noise powers are considered. The signal is assumed to have a linear relationship with respect to the acceleration amplitude a 0 , given by the coefficient S c (ω). This coefficient is directly related to the sensor's rotational angle θ(ω) and therefore has a dependency on the acceleration frequency ω. N c is a constant representing the total noise, giving for the measured output z due to the uncorrelated sources:
The results are shown in figure 8 , where the points represent the measurements, the solid 
Allan deviation results
Measurements
Bias instability Velocity random walk Figure 9 . Measured Allan deviation using capacitive read-out. exhibits a clear linear relationship with the applied acceleration. Below this amplitude, the sensor's output is dominated by noise (SNR<1).
To get some insight in the accelerometer's noise performance and stability, an Allan variance measurement was performed. The zero-acceleration output rms-voltage was measured with a time interval of 20 ms for a period of 2 h using a multimeter (Agilent 34401A) connected to LabVIEW. The results of the subsequently calculated Allan deviation are shown in figure 9, together with asymptotic lines for both the velocity random walk and the bias line is based on (9), and the dashed lines indicate the constant equivalent noise amplitude and ideal linear response asymptotes. We observe that for accelerations with an amplitude of more than 0.1 m s −2 , indicated by the intersection of the asymptotes, the hair-based accelerometer exhibits a clear linear relationship with the applied acceleration. Below this amplitude, the sensor's output is dominated by noise (SNR<1).
To get some insight in the accelerometer's noise performance and stability, an Allan variance measurement was performed. The zero-acceleration output rms-voltage was measured with a time interval of 20 ms for a period of 2 h using a multimeter (Agilent 34401A) connected to LabVIEW. The results of the subsequently calculated Allan deviation are shown in figure 9, together with asymptotic lines for both the velocity random walk and the bias instability.
From the linearity measurements, the error on full-scale (i.e. the measurement taken at highest acceleration of 6.12 m s −2 , see figure 8) was calculated and found to be 3.3 %. By considering the detection threshold and the full scale acceleration amplitude, the dynamic range of the hair-based accelerometer is about 35.6 dB. The Allan variance results showed a velocity random walk of 1.67 m s −1 √ h −1 and a bias instability of 5×10 -3 m s −2 . To summarize, an overview of the sensor performance is shown in table 1.
Discussion
The measured threshold of the bio-inspired accelerometer is about 0.10 m s −2 , which is about a factor 100 larger than the calculated thermal noise based value of 1.1×10 -3 m s −2 (Gabrielson, 1993) . The relative large detection threshold is due to the presence of comparatively strong noise sources in the read-out electronics (Dagamseh et al., 2013) . Improvement of these 
Allan deviation results
Measurements
From the linearity measurements, the error on full-scale (i.e. the measurement taken at highest acceleration of 6.12 m s −2 , see figure 8) was calculated and found to be 3.3 %. By considering the detection threshold and the full scale acceleration amplitude, the dynamic range of the hair-based accelerometer is about 35.6 dB. The Allan variance results showed a velocity random walk of 1.67 m s −1 √ h −1 and a bias instability of 5×10 -3 m s −2 . To summarize, Figure 9 . Measured Allan deviation using capacitive read-out. electronics, by reduction of its noise, will help to bring the detection threshold for the accelerometer towards the thermal noise limited threshold. Similar differences between measured and (calculated) thermal noise levels have been observed for our previously reported bio-inspired hair flow sensors (Droogendijk et al., 2012b; Dagamseh et al., 2013) . Generally, the susceptibility for (gravitational) acceleration is used by crickets for determination of their position and orientation. The hair-based accelerometer described in this work allows in principle also for determination of orientation using the Earth's gravitational field. That is, by measuring the projection of the Earth's gravitational acceleration, the angle of rotation of the accelerometer with respect to Earth can be determined. However, since the fabricated accelerometer has limits with respect to resolution, an error in this angle will result. Based on the experimental data listed in table 1, this error is calculated to be in the order of 0.7 • for accelerations well below resonance (ω → 0), which emphasizes the potential use of this accelerometer to determine orientation. Notice that this value approaches the resolution of the cricket's clavate hair system of 0.1 • (Bischof, 1975) .
As we have shown in figure 7 , the hair-based accelerometer has a strong directivity. In our MEMS version, this directivity stems from both the mechanical design, which primarily allows rotation around the torsional axis of the sensor, and the differential capacitive read-out, which causes a strong reduction of signals caused by tilting of the hair. As a consequence, multiple hair-based accelerometers may be used simultaneously to sense acceleration in 3D. In crickets, filiform hairs have been shown to have preferential directions of rotations with ratios in stiffness of 'hard' over 'easy' directions between 4 and 8 (Kanou et al., 1989) . Bischof (1974) demonstrated that such directivity exists in the cricket's clavate hairs. Additionally, Sakaguchi and Murphey (1983) have shown that crickets use the many clavate hair-sensors on their cerci for determination of their orientation relative to the gravitational field and that they do so both with respect to roll (rotation around longitudinal axis of the animal) and pitch.
Fly-inspired gyroscope
Physics
The dynamics of the haltere-based gyroscope and common MEMS gyroscopes are similar, since both types consist of vibrating structures governed by two coupled second order differential equations. The design of these gyroscopes is in general a 2-D isotropic, damped mass-spring system. To describe the haltere mechanics, we first define the force F acting on the haltere knob (Nalbach, 1993) :
where × denotes the vector product, m is the mass of the knob, g is the gravitational acceleration, r i is the position of the knob with respect to the fly, a f is the linear acceleration of the fly in space, and Ω is the angular rate. Six forces contribute to the total inertial force: gravitational (m g), primary (m¨ r i ), linear acceleration (m a), angular acceleration (m˙ Ω × r i ), centrifugal (m Ω × Ω × r i ) and Coriolis (−2m Ω ×˙ r i ). Now, we assume that linear accelerations are absent ( a f = 0), gravitational acceleration g is only present in the z-direction (the axial direction of the haltere), angular rates are applied only in the horizontal xy-plane (Ω x = Ω y = 0), the movement of the haltere is harmonic with frequency ω and the angular rate Ω is constant with value Ω 0 :
Consequently, the force amplitude F for the x and y-direction, since the z-direction is not of interest to us, is given by: frequency ω and the angular rate Ω is harmonic with frequency ν and amplitude Ω 0 :
Consequently, the force amplitude F for the x and y-direction, since the z-direction is not of interest to us, is given by:
where x 0 and y 0 denote the amplitudes in the x and y-direction respectively. Now, the coordinate system is changed into cylindrical coordinates, as shown in figure 2. The system is continuously driven in a steady-state rotational motion in the drive mode with angle ϑ. Rotation around the haltere induces Coriolis-based motion in the sense mode, with the angle ϕ proportional to the input angular rate Ω. By using the following relationships, the force acting on the haltere can be written as a torque T for small angle amplitudes ϑ 0 and ϕ 0 :
where L is the haltere length, J is the moment of inertia and η is a parameter depending on the precise geometry. Here, η = 1 by considering the haltere knob as a point mass. As a result, the torque acting on the haltere becomes
The torque T acts on the haltere, which is part of the isotropic gyroscopic mechanical system. The response of this system is described by a coupled second order differential equation: Figure 10 . Operation principle of the biomimetic gyroscope (top view).
where x 0 and y 0 denote the amplitudes in the x and y-direction respectively. Now, the coordinate system is changed into cylindrical coordinates, as shown in figure 10 . The system is continuously driven in a steady-state rotational motion in the drive mode with angle ϑ. Rotation around the haltere induces Coriolis-based motion in the sense mode, with the angle ϕ proportional to the input angular rate Ω. By using the following relationships, the force acting on the haltere can be written as a torque T for small angle amplitudes ϑ 0 and ϕ 0 :
where L is the haltere length, J is the moment of inertia and η is a parameter depending on the precise geometry. Here, η = 1 by considering the haltere knob as a point mass. As a result, the torque acting on the haltere for constants angular rates becomes
The torque T acts on the haltere, which is part of the isotropic gyroscopic mechanical system. The response of this system is described by a coupled second order differential equation:
where G(ω) is given by:
and C(ω) denotes the coupling between the drive and sense mode due to angular rates:
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In these expressions, the resonance frequency ω 0 , damping ratio ζ and normalized driving torque T ext are defined as
where T 0 is the driving torque §, S is the torsional stiffness, R is the torsional resistance and J is the moment of inertia. Further, ϑ 0 and ϕ 0 are the amplitudes of respectively drive and sense mode. From (16) follows that the exposure to an angular rate Ω clearly affects the system's behaviour; its resonance frequency is reduced by centrifugal forces, and torque contributions by angular Coriolis forces cause coupling between drive and sense mode. Although the reduction in resonance frequency by Ω 2 0 is typically negligible, the principle of a ratedependent resonance frequency can be used for gyroscopic measurement of large angular rates .
Design
The governing equation of motion for the drive mode with amplitude has already been stated in (16). By driving the gyroscope by a harmonic torque, assuming that the angular rate Ω is small compared to the sensor's resonance frequency (Ω 0 ω 0 ), and angular accelerations are small, the drive mode amplitude ϑ 0 can be approximated well by:
Generally, MEMS gyroscopes are driven at a frequency ω equal to the gyroscope's resonance frequency ω 0 in the case of underdamped systems. Then, the drive mode amplitude can be simplified to:
Based on the drive mode motion, the normalized Coriolis-induced torque amplitude T c of the sense mode is given by:
Using the system of equations of (16), the corresponding sense mode amplitude ϕ 0 can be approximated as:
(23) § This torque is delivered by electrostatic actuation in the case of the MEMS gyroscope and by the muscles in case of the fly. Now, we define the ratio R between sense and drive mode amplitudes, which is a measure for the system's responsivity . Since Coriolis forces in general are small, a large R is desirable in order to measure correspondingly small angular rates Ω. The ratio R is defined as:
where κ is a design parameter, which is the reciprocal of the product of damping ratio ζ and resonance frequency ω 0 :
However, in case the gyroscope is critically damped or overdamped, the gyroscope should be operated below its resonance frequency ω 0 . A suitable frequency of operation is when the damping term of (19) becomes equal to the stiffness-related term for small angular rates Ω, and the actuation frequency is chosen half this frequency:
By operating the device in such a way, in both the drive and sense mode the factor 2ζ drops, but the expression for the Coriolis torque given by (22) remains unchanged. Therefore, by this analysis, the ratio of the drive and sense mode amplitudes of a gyroscope is equal for all classes of damping. The performance of a gyroscope is also to be determined by its response time; besides a sensitive sensory system, also the ability to quickly respond to changes in angular rate Ω classifies the system. The corresponding response time τ 95 -a measure for agility -is calculated from the second order differential equation, describing the mechanical behaviour of the system in response to a torque step function. Here, we assume that the gyroscope is driven in steady state with frequency ω, the coupling from sense to drive mode is negligible, and an angular rate Ω is applied stepwise. In that case, the governing equation for analyzing transients in the sense mode becomes
where H(t) denotes the Heaviside step function. The general solution of this damped second order system is:
where Φ 1 and Φ 2 need to be derived from initial conditions and r 1 and r 2 are given by:
This ratio is related to the scale factor of MEMS gyroscopes by taking the transfer by capacitive read-out into account (IEEE Aerosp. Electron. Sys. Soc., 2001).
which simplifies under the condition Ω 0 ω 0 to
The general solution (28) is either real or complex. When the damping ratio ζ is equal or greater than one, the solution is real and the hair moves without oscillations towards the point of torque equilibrium, dominated by the slow moving mathematical term. When the damping ratio ζ becomes smaller than one, the square root term becomes imaginary and the hair shows overshoot towards its equilibrium, leading to a longer stabilization time. The response time τ 95 , indicated as the time to get stable within 95% of the end value, is approximated ¶ as:
The best response time is obtained when ζ = 0.707, corresponding to a close to critically damped system (Shinners, 1998) . However, we observe that nearly all described gyroscopic systems shown in figure 11 are clearly underdamped. The sense/drive ratio and response time are taken as a criterion for designing a gyroscope. However, these quantities exhibit a similar proportionality with respect to the design parameter κ for underdamped gyroscopes:
As a consequence, a trade-off exists between the sensitivity parameter R and the response time τ 95 (see also (Apostolyuk et al., 2002) ). Namely, to have a good sensitivity R , a large κ-value is required, but to obtain a fast responding system, κ should be small. For design and analysis, we capture this trade-off in a single number by defining a figure of merit:
An overview of several MEMS gyroscopic systems and the blowfly's haltere-based gyroscope (Nalbach, 1993 ) is shown in figure 11 by evaluating the figure of merit as function of the damping ratio ζ. We observe that most MEMS gyroscopes are clearly designed with focus on achieving high responsivity at the cost of bandwidth. Especially the gyroscopes described in show very low damping factors while having a resonance frequency at 2 kHz, being highly sensitive to angular rate, since the ultimate purpose of these two gyroscopes is angle measurement rather than angular rate measurement. Contrarily, the fly's haltere is clearly geared towards a fast response. Also, MEMS-based gyroscopes typically have operating frequencies which are 1 kHz or more, which is significantly higher than the 150 Hz of the blowfly (Nalbach, 1993) . Notice that ¶ A precise mathematical solution is rather involved. A spline interpolation is used for connecting the two asymptotes smoothly and obtaining a good approximation, which is not shown here. the figure of merit exhibits a clear decrease when having an overdamped system (ζ > 1), implying that vibratory gyroscopes should preferably be underdamped (ζ < 1).
The eventual design of the bio-inspired gyroscope is based upon the fabrication process for bio-inspired hair flow sensors described by Bruinink et al. (2009) and Dagamseh et al. (2011) to realize a haltere-like structure. Our gyroscope will be actuated in the drive mode with angle ϑ (see figure 10) by exploiting electrostatic actuation. Electrostatic forces induced by judiciously chosen ac-voltages bring the artificial haltere in a steady-state resonant rotational motion. Measurement of the Coriolis-induced movement of the artificial haltere in the sense direction with rotational angle ϕ is achieved by measuring the differential change in capacitance upon tilt of the artificial haltere (figure 12).
Although we reported on the design and fabrication of such a gyroscope earlier (Droogendijk et al., 2012a) , we implemented some important design adjustments here. The suspension of the haltere-based gyroscope is changed to a gimbal-suspension, like the gyroscope described by Acar and Shkel (2004) . Doing so, the effects of residual stress by having a bi-layer suspension (i.e. SiRN and Al) can be significantly reduced. Also, the drive and sense modes get mechanically distinguishable, allowing for a separate optimisation of both modes. A schematic view of the two modes for our gimbal suspension is given in figure 13 . A disadvantage of such a gimbal-design is the difficulty to achieve mode-matching (between drive and sense), which is often aimed for in MEMS gyroscopes to achieve better performance (see e.g. (Hu et al., 2011; Sonmezoglu et al., 2012) ). However, on following the bio-inspired approach, the quality factor Q of a gyroscope is relatively low, and consequently mode-matching plays a less pivotal role for the gyroscope's performance. 
The design of the biomimetic gyroscope is based upon the fabrication process for biomimetic hair flow sensors described by Bruinink et al. [41] and Dagamseh et al. [42] to realize a haltere-like structure. Our gyroscope will be actuated in the drive mode with angle ϑ (see figure 2 ) by exploiting electrostatic actuation. Electrostatic forces induced by judiciously chosen ac-voltages bring the artificial haltere in a steady-state resonant rotational motion. Measurement of the Coriolis-induced movement of the artificial haltere in the sense direction with rotational angle ϕ is achieved by measuring the differential change in capacitance upon tilt of the artificial haltere (figure 4). Although we reported on the design and fabrication of such a gyroscope earlier [39], we implemented some important design adjustments here. The suspension of the halterebased gyroscope is changed to a gimbal-suspension, like the gyroscope described by Acar and Shkel [34] . Doing so, the effects of residual stress by having a bi-layer suspension (i.e. SiRN and Al) can be significantly reduced. Also, the drive and sense modes get mechanically distinguishable, allowing for a separate optimisation of both modes. A schematic view of the two modes for our gimbal suspension is given in figure 5. A disadvantage of such a gimbaldesign is the difficulty to achieve mode-matching (between drive and sense), which is often Figure 12 . Schematic view of the biomimetic gyroscope (side view). the figure of merit exhibits a clear decrease when having an overdamped system (ζ > 1), implying that vibratory gyroscopes should preferably be underdamped (ζ < 1).
Although we reported on the design and fabrication of such a gyroscope earlier (Droogendijk et al., 2012a) , we implemented some important design adjustments here. The suspension of the haltere-based gyroscope is changed to a gimbal-suspension, like the Biomimetic gyroscope 11 Si a sacrificial layer of poly-silicon (1.5 µm) is deposited by LPCVD. The sensor membrane and springs are constructed by depositing and patterning a 1 µm SiRN layer on top of the polysilicon. Aluminium (80 nm) is sputtered on top of the membrane to create the electrodes for capacitive read-out. Our artificial haltere is created by two layers of SU-8, to realize both the centre of mass towards the top of the hair structure and a total hair length of about 800 µm and an average diameter of about 80 µm. Finally, to release the membrane the sacrificial polysilicon layer is removed using XeF 2 etching. The fabrication results are shown by the SEM image in figure 6b.
Experimental
Setup
To characterize the mechanical properties of the gyroscope, an experimental setup based on Laser Doppler Vibrometry [45] is used ( figure 7) . To measure the rotational modes we differentially applied a sinusoidal signal superposed to a dc-offset voltage (Delta Elektronika -Power Supply E 030-1) to a pair of electrodes. Si a sacrificial layer of poly-silicon (1.5 µm) is deposited by LPCVD. The sensor membrane and springs are constructed by depositing and patterning a 1 µm SiRN layer on top of the polysilicon. Aluminium (80 nm) is sputtered on top of the membrane to create the electrodes for capacitive read-out. Our artificial haltere is created by two layers of SU-8, to realize both the centre of mass towards the top of the hair structure and a total hair length of about 800 µm and an average diameter of about 80 µm. Finally, to release the membrane the sacrificial polysilicon layer is removed using XeF 2 etching. The fabrication results are shown by the SEM image in figure 6b.
Experimental
Setup
Experimental
Setup
To characterize the mechanical properties of the gyroscope, an experimental setup based on Laser Doppler Vibrometry [45] is used ( figure 7) . To measure the rotational modes we differentially applied a sinusoidal signal superposed to a dc-offset voltage (Delta Elektronika -Power Supply E 030-1) to a pair of electrodes.
(a) (b) Figure 14 . Design (a) and fabrication (b) of the MEMS haltere-based gyroscope fabricated by surface micromachining and using SU-8 lithography.
gyroscope described by Acar and Shkel (2004) . Doing so, the effects of residual stress by having a bi-layer suspension (i.e. SiRN and Al) can be significantly reduced. Also, the drive and sense modes get mechanically distinguishable, allowing for a separate optimisation of both modes. A schematic view of the two modes for our gimbal suspension is given in figure 13 . A disadvantage of such a gimbal-design is the difficulty to achieve mode-matching (between drive and sense), which is often aimed for in MEMS gyroscopes to achieve better performance (see e.g. (Hu et al., 2011; Sonmezoglu et al., 2012) ). However, on following the bio-inspired approach, the quality factor Q of a gyroscope is relatively low, and consequently mode-matching plays a less pivotal role for the gyroscope's performance.
Fabrication
An overview of the design and the fabrication process for the bio-inspired gyroscope is shown in figure 14a . The fabrication process is identical to the one shown for the bio-inspired accelerometer described in section 3.3. The fabrication results for the gyroscope are shown by the SEM image in figure 14b .
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AC-voltage
DC-voltage
Laser Doppler Vibrometry Figure 7 . Experimental setup for characterization of the biomimetic gyroscope.
Frequency response
The response for the drive mode (figure 5a) was measured by applying a chirp-voltage in pushpull configuration. The magnitude and phase response are shown in figure 8, both together with the results of an analytical model based on a classical second-order mechanical system. From both figures, the drive mode turns out to be slightly overdamped (ζ = 0.9) with its resonance frequency found at approximately 550 Hz. Due to the overdamped nature of the system, the bandwidth of the drive mode is calculated by computing the intersection of the stiffness and damping contributing terms in (6) and is found to be 305 Hz. Further, we observe that there is a good agreement between the analytical model and the measured response for frequencies up to about 800 Hz. Similar measurements have been made for the sense mode (figure 5b). From figure 9, the sense mode turns out to be slightly overdamped (ζ = 1.1) with its resonance frequency found at approximately 300 Hz. Notice that the peaks around this frequency are not due to mechanical resonance, but are caused by limitations within the used laser Doppler vibrometry setup. Due to the overdamping, the bandwidth of the sense mode is calculated by computing the intersection of the stiffness and damping contributing terms in (6) and is found to be 137 Hz. Further, we observe that there is a good agreement between the analytical model and the measured response for frequencies up to about 2 kHz.
Discussion
Fabrication
Regarding the fabrication process, the SEM image from the biomimetic gyroscope (figure 6b) shows that we have successfully fabricated artificial haltere-structures with increased mass at the top. Optical measurements indicate that the haltere length is about 800 µm, and that the (Polytec, 2005) is used ( figure 15 ). To measure the rotational modes we differentially applied a sinusoidal signal superposed to a dc-offset voltage (Delta Elektronika -Power Supply E 030-1) to a pair of electrodes.
Frequency response
The response for the drive mode (figure 13a) was measured by applying a chirp-voltage in push-pull configuration. The magnitude and phase response are shown in figure 16, both together with the results of an analytical model based on a classical second-order mechanical system. From both figures, the drive mode turns out to be slightly overdamped (ζ = 0.9) with its resonance frequency found at approximately 550 Hz. Due to the overdamped nature of the system, the bandwidth of the drive mode is calculated by computing the intersection of the stiffness and damping contributing terms in (16) and is found to be 305 Hz. Further, we observe that there is a good agreement between the analytical model and the measured response for frequencies up to about 800 Hz.
Discussion
Regarding the fabrication process, the SEM image from the bio-inspired gyroscope (figure 14b) shows that we have successfully fabricated artificial haltere-like structure with increased mass at the top. Optical measurements indicate that the haltere-like structure length is about 800 µm, and that the haltere-like structures have a slight negative tapering towards the membrane. This tapering results from the light intensity profile during exposure of the SU-8 as well as the two step lithography process incorporated in the design. This effectively causes the centre of mass to be located in the upper part of the haltere-like structures, similar to the fly's haltere (figure 2). the centre of mass to be located in the upper part of the haltere-like structures, similar to the fly's haltere (figure 2). The measured resonance frequency for the drive mode was measured to be about 510 Hz with a damping ratio of ζ = 0.9. Although this resonance frequency is slightly higher than the wing-beat frequency of the fly (130-150 Hz), it remains in the same order of magnitude. Similar results are obtained for the sense mode, wherein the resonance frequency was found to be about 300 Hz with a slightly overdamped system (ζ = 1.1). However, we observed that the measured response is a combination of modes, especially for higher excitation frequencies. Since every mode is expected to be about critically damped, it is difficult to identify each modal resonance frequency due to the absence of clear resonance peaks and phase shifts. Theoretically, using capacitive differential read-out techniques, the contributions of the drive and vertical mode can be commonly rejected for measurement of the sense mode.
A haltere-inspired gyroscope has been designed, fabricated and partially characterized. However, we were not able to experimentally demonstrate its response to externally applied The measured resonance frequency for the drive mode was measured to be about 510 Hz with a damping ratio of ζ = 0.9. Although this resonance frequency is slightly higher than the wing-beat frequency of the fly (130-150 Hz), it remains in the same order of magnitude. Similar results are obtained for the sense mode, wherein the resonance frequency was found to be about 300 Hz with a slightly overdamped system (ζ = 1.1). However, we observed that the measured response is a combination of modes, especially for higher excitation frequencies. Since every mode is expected to be about critically damped, it is difficult to identify each modal resonance frequency due to the absence of clear resonance peaks and phase shifts. Theoretically, using capacitive differential read-out techniques, the contributions of the drive and vertical mode can be commonly rejected for measurement of the sense mode.
A haltere-inspired gyroscope has been designed, fabricated and partially characterized. However, we were not able to experimentally demonstrate its response to externally applied angular rates using our home-built rate-table, electrostatic actuation of the drive mode, and capacitive read-out of the sense mode. With the current design and the maximum applicable angular rate using our rate table (rate amplitude of about 3000 • s −1 at a frequency of 14 Hz), the calculated displacement of the membrane edges for capacitive read-out of the sense mode is in the order of nm, which corresponds to the measurement threshold of our read-out electronics (Dagamseh et al., 2013) .
Bio-inspiration continued
Although a working bio-inspired accelerometer is clearly demonstrated, we believe that a working bio-inspired gyroscope following the 'design rules' of a fly and the use of MEMS technology is difficult to achieve, but also possible. However, this will require adaptation of the design and the fabrication process. For our gyroscope, in particular the value of R needs to be increased in order to measure the applied angular rates. A possibility is the use of piezoresistive sensing instead of capacitive read-out, as proposed by Wicaksono et al. (2007) . Also, improvement of the mechanical gimbal-suspension and the use of more compliant materials will help to increase R . One could also think of exchanging the technology of MEMS for another type of technology (e.g. 3D-printing) and investigate its potential for bio-inspired gyroscopes.
The design and fabrication of two hair-based bio-inspired inertial sensors are described in this chapter: an accelerometer to measure external acceleration and a gyroscope to measure angular rates. A next step in the bio-inspired approach is the combination of hair-based sensors to arrive at a multi-sensor system in which sensor fusion can take place, by adding e.g. the capability for flow sensing (Bruinink et al., 2009) . Also, other types of bio-inspired hairbased sensors offer a potential for integration within such hair-based multi-sensor systems, like IR-light sensing (Schmitz et al., 2012) and tactile sensing (Murphey, 1985) .
Over the past years, much research has been done on bio-inspired sensors. Despite all effort and the many important scientific results on hair-based sensing, it remains a challenge to engineers and scientists to realize the artificial counterpart of the biological sensor system with equal or better performance. Currently, e.g. insects performs still much better on several aspects (e.g. responsivity and detection threshold), provoking the question as to how to 'beat nature'. To this end, look for improvement of the mechanical design, investigate the use of more compliant materials and consider the (partial) use of different or new technology.
Conclusions
In biology, hair-based sensor systems are regularly used for measurement of physical quantities. In this chapter, two types of bio-inspired inertial sensors have been discussed: a cricket-inspired accelerometer and a fly-inspired gyroscope. Both the accelerometer and gyroscope have been developed and fabricated using surface micromachining and SU-8 lithography. We showed that this MEMS hair-based accelerometer has a resonance frequency of 320 Hz, a detection threshold of 0.10 m s −2 and a dynamic range of more than 35 dB. Further, the accelerometer has clear directivity and a bias instability of 5×10 -3 m s −2 . For the gyroscope, design rules were investigated and it was shown that haltere-based gyroscopes tend to emphasize a fast response, rather than a high responsivity or low detection threshold, by having a relatively low quality factor. Measurements on our haltere-inspired sensors indicate an excitable gyroscope with a (drive mode) resonance frequency of about 550 Hz and a damping ratio of 0.9. A response to externally applied angular rates was not demonstrated due to the limited applied rotation rates and the very small induced sense mode amplitude, which is mainly caused by the structures being overdamped and the small achievable drive mode amplitudes.
